Background. The aim of this study is to assess an easy and quick method on
Introduction
Radiotherapy is one of the most effective methods for the treatment of malignant tumors. GSI in Germany and HIMAC in Japan have successfully treated hundreds of patients with carcinomas by using accelerated heavy ions, such as carbon and silicon. 1 In comparisons with treatments involving X-rays and γ-rays, the high rate of cure with heavy ions is due to physical characteristics, such as high linear energy transfer (LET) at the Bragg peak region, low side-scattering etc. As reported in previous studies, cells exposed to various radiations resulted in chromosome breaks including chromatid discontinuity, misalignment of the distal, chromatid ring and so on. [2] [3] [4] [5] [6] [7] These potential changes possibly cause the death of cells. 1, 7 Since Gotoh et al. have reported the chemically induced premature condensed chromosome technique in 1995, an easy and quick method on detecting chromosome breakage was widely applied in the radiobiological and oncology works. 8 Murakami et al. used atom force microscope (AFM) to assess the accuracy of chemically induced PCC breakages in comparison with the results acquired through the light microscope vision; there was no significant difference between two methods, and thus it was validated that the PCC technique was suitable and reliable for radiation induced chromosome damage analysis. 9 Suzuki et al. [4] [5] [6] [7] , Kawata et al. 2, 3 have employed different heavy ions with various LET and X rays to investigate the radiation induced chromosome breaks both in human normal fibroblast cells and malignant cells. The number of chromatid breaks was found to be linearly correlated with the absorbed dose of radiation. In comparisons with experiments involving X-rays or γ-rays, more isochromatid breaks were produced by the exposure to heavy ions, while chromatid-type breaks were dominantly possessed when cells were exposed to X/gamma rays.
Before the clinical treatment can begin, the therapeutic regimen must be defined and during this stage information on the individual patient radiosensitivity would be of great medical value. Several methods have been developed to measure cell radiosensitivity, for example, the colony assay and the cytoplasm-blocked micronuclei assay. [10] [11] [12] [13] Previous data have shown that these two methods are not ideal. Briefly, the colony assay is the classic method for detecting radiosensitivity. The assay is precise but the formation of a clone takes at least 7 days. Conflicting views have been held concerning the detection of cell radiosensitivity with the cytoplasm-blocked micronuclei method. 14, 15 Some scientists consider that there is a good relationship between the radiation-induced micronuclei and cell radiosensitivity, but others do not agree. Our previous works further improved the PCC technique in the area of chromosome analysis. Therefore, we have found the radiation induced chromatid /isochromatid breaks were closely correlated with cell surviving when exposed to heavy charged carbon ions. 16, 17 The results suggested chemically induced PCC breaks could be possibly regarded as a good signal to predict radiosensitivity when cells exposed to high LET radiations.
Even though, we do not think it is perfectly ideal to predict radiosensitivity by using an experimental PCC technique, heavy ions are of great capability in killing cells, the online detection would bring a vast irradiation risk to operators. Thus, the main idea of this study is to simulate the chromosome breaks and validate the simulation combined with the experimental PCC technique.
Materials and methods

Simulation of chromosome breaks
In radiobiology and therapy the absorbed dose is defined as the energy deposited per mass unit. By definition 1 Gray to 1 Joule per kilogram. If a thin volume-thin compared to changes in the energy loss of a particle-is irradiated by a parallel beam of particles, the dose in Gray in this volume is given as (equ .1) where D is the absorbed dose of cells, LET the energy loss rate, ρ the density of the stopping material and F the particle fluence i.e. the number of primary ions traversing the unit area. Commonly the density of cells was regarded as 1g/cm 3 in that the main content of cell is H 2 O, thus the real-time particle fluence can be described as 
Cell culture and irradiation
Human normal liver cell line L02 (purchased from the Chinese Center for Type Culture Collection (CCTCC)) was grown in RPMI-1640 medium supplemented with 10% fetal calf serum at 37ºC in 5% CO 2 , insulin 0.25 U/ml (Sigma production) was added to the culture medium. In the present study cell numbers need to be accurately counted, 2 ml cell suspension with density of 5×10 6 cells/ml were planted into φ 35 mm plastic dish to be irradiated.
L02 cells were irradiated with 12 C 6+ ion beams generated by the HIRFL with a dose range from 0 to 8Gy. The initial energy of 12 C 6+ ions was 80.55MeV/u, which was decreased by 13.58 mm Lucite (ρ = 1.2g/cm 3 ) to 20MeV/u before it reached the cells. The LET was 96.05keV/µm when carbon ions interacted with the cells located in the region of the Bragg peak. LET was calculated by the Trim Program 92 which was written by Bierstadt and Zeigler (Figure 1 ). 18 Dosimetry was performed with an air ionizing chamber where the uniformity of the carbon ion beams was 85%, as measured by CR39 technique.
Chromosome preparation
Calyculin A (BIOMOL America), used as the PCC inducer, was dissolved in 100% ethanol as a 1 mmol/L stock solution. In order to induce chromatid breaks, 50 nmol/L of calyculin-A was added to cell cultures 5 min before the irradiation. Cells were incubated for a further 30 min at 37ºC in 5% CO 2 . The chromosome spread was harvested by swelling cells in 75 mmol/L of KCl for 20min at 37ºC and fixed with Carnoy's fixative. A final wash and fixation were completed before placing the cells on a glass slide and drying at 37ºC and 85% relative humidity.
The cells were stained with 5% Giemsa (5ml original Giemsa solution was diluted with 47.5ml 1/15M Na 2 HPO 4 and 47.5ml 1/15M KH 2 PO 4 ) for 20 min. According to the standard criteria, more than 40 G 2 -phase cells were scored for each dose level. 19 Briefly, the chromatid discontinuity, misalignment of the region distal to the lesion, or a non-stained region longer than the chromatid width was considered as a chromatid break. An isochromatid break was considered as two breaks that occurred at the same position on each of two sister chromatids, i.e. a lesion through the two q arms or p arms of the chromosome was regarded as an isochromatid break. One isochromatid break was therefore scored as two breaks. The total chromatid breaks were calculated by summing the numbers of chromatid and isochromatid breaks. A total of 20 non-irradiated cells were examined; there were very few spontaneous chromatid breaks. The mean number of chromatid breaks in non-irradiated cells was subtracted from the mean number observed in ir- 
Statistical analysis
All data were analyzed statistically with SPSS 8.0; note the data at each point are Mean ± Standard Error.
Results
Simulation of the chromatid breaks if L02 cells exposed to 12C6+ ions
If each ion interacted with cell resulted in just one chromatid break, the number of chromatid breaks could be simulated according to the equation 3 described above. Figure 2 shows the relationship between the absorbed dose and radiation induced chromatid breaks, fitted curve suggested an increasing linear tendency.
Experimental chromatid type and number in L02 cells exposed to 12C6+ ions
By using the premature chromosome condensation technique, two types of chromatid break were observed under light microscope, i.e., chromatid-type and isochromatid break were induced by the accelerated carbon ion irradiation. With the increasing absorbed dose, both of two types of the chromatid number increased, while the number of isochromatid breaks were significantly higher than that of chromatidtype ones at each dose point (Figure 3) .
Comparison experimental number of chromatid breaks with simulated ones
An isochromatid break was considered as two breaks that occurred at the same position on each of two sister chromatids, i.e. a lesion through the two q arms or p arms of the chromosome was regarded as an isochromatid break. One isochromatid break was, therefore, scored as two breaks. The total chromatid breaks were calculated by summing the numbers of chromatid and isochromatid breaks. According to Figure  4 , the same increasing linear tendency was apparent both in simulation and experiment regarded the relationship between the absorbed dose and the number of chromatid breaks. Given one ion produced just one break (named n=1), vast discrepancy appeared between simulation and experiment. When simulated curve with n=3, a 
Discussion
In comparisons with treatments involving X-rays and γ-rays, the high rate of cure with heavy ions is due to biophysical characteristics, such as high LET at the Bragg peak region, high relative biological effectiveness (RBE), low oxygen enhancement ratio (OER), low side-scattering etc. 1 Among these characteristics, high RBE is of most importance in the fact that the equivalent dosimetry of heavy ions would result in much more, even several times, cure ratio than that of low LET rays. Our previous studies confirmed that accelerated carbon ions were much more effective in inducing chromatid breaks than those of gamma rays. 16 What makes heavy ions hold such priority in inducing chromatid break? Whether it is due to pure physical reaction or combination of the biological and physical reaction? The previous study suggested that bio-system would not be activated immediately by the radiation excitation, and the repair of the injured chromosome occurs in 2-12 h after the exposure. 20 It is obvious that the initial chromatid breaks result from the pure physical interaction. Kawata et al. 2, 3 regarded a large amount of isochromatid breaks as a sign of cells exposed to high LET radiation, and mechanism of this phenomenon was explicated as a tensely energy deposition at target volume. The result of this study was in agreement with theirs. Recent works by Yang et al. 21 supposed that chromatid breaks were linearly negatively related with cell surviving; they suggested chemically induced chomatid breaks measured by PCC technique and can be acted as a quick and precise predictor of radiosensitivity when several normal and tumor cell lines exposed of heavy charged carbon particles.
In this work, carbon ions were used to induce L02 cells to produce chromatid breaks, the experimental result was in good agreement with the theoretical simulation when supposed that each ion leads to three breaks. This suggested some probability of theoretical simulation in place of experiment works to predict radiosensitivity.
Though ion influence (F) and absorbed dose (D) could be accurately detected by professional apparatus, the simulation results approached in this study just to express an ideal status which could be described as: 1. Distribution of carbon beams was uniform, i.e., the uniformity of radiation equate to 1; 2. Cells fully and uniformly covered the culture dish bottle and with single layer, no interspaces exist among cells; 3. Chromosomes occupied all the inner space of a whole cell. But in fact, no evidence has been applied to support this ideal status. When these three factors neglected, the reliability of radiosensitivity would be discounted when radiotherapy regimen was established. Thus, the better simulation will inevitably be revised by three above factors; we named them approximation of radiation uniformity (K 1 ), detection of cell coverage rate (K 2 ) Where is the sum of real-time LET value measured at the different time point, n the measure times the one real-time LET value.
The equation 6 defined the cell coverage rate at culture dish bottle equ. 6
Where Number cells is the number of cells grow in culture dish, S cell the area of single cell vertically faced to ion beams, the inner area of culture dish.
At various phases of cell cycle, the chromosome agglomeration status and the content are different. Though it is not so well impacting the physical density of cells, the cross-section of the interaction between cells and ions closely linked with it. Chromosome in G 2 phase, is of better configuration, which is selected to analyze chromatid breaks, K 3 was denoted as Where G 0 G 1 G 2 S M were respectively the content percent of each phase cell number in all cells which were detected. This percent could be measured by flow cytometer (FCM).
In a word, considered these external factors, the simulation of chromatid breaks to predict the radiosensitivity in heavy ion radiotherapy project is of great possibility and feasibility.
Conclusions
Chemically induced PCC technique can be used to analyze chromatid breaks induced by heavy ion, the radiation induced by initial chromatid/isochromatid breaks can be regarded as a possible good sign of intrinsic radiosensitivity of cells exposed to heavy charged ions, the theoretical simulation of radiation induced by chromatid breaks was a simple and convenient and safe approach to measure the radiosensitivity.
